We study silicene on hexagonal boron nitride, using first principles calculations. Since hexagonal boron nitride is semiconducting, the interaction with silicene is weaker than for metallic substrates.
Silicon based nanostructures, such as two-dimensional silicene (an analogue to graphene) and silicene nanoribbons are currently attracting the interest of many researchers due to materials properties that are similar to but richer than those of graphene [1, 2] . Moreover, they are advantageous to carbon based nanostructures, as they can be expected to be compatible with the existing semiconductor industry. It is observed that the electronic band structure of silicene shows a linear dispersion around the Dirac point, like graphene, and hence is a candidate for applications in nanotechnology. Due to an enhanced spin orbit coupling a band gap 1.55 meV is opened [3] . A mixture of sp 2 and sp 3 -type bonding results in a buckled structure, which leads to an electrically tunable band gap [4, 5] . First-principles geometry optimization and phonon calculations as well as temperature dependent molecular dynamics simulations predict a stable low-buckled structure [6] . Moreover, stability of silicene under biaxial tensile strain has been predicted up to 17% strain [7] .
Silicene and its derivatives experimentally have been grown on Ag and ZrB 2 substrates [8] [9] [10] , though there is still discussion about the quality of the results [11] . On a ZrB 2 thin film an asymmetric buckling due to the interaction with the substrate is found, which opens a band gap. In general, transition metal decorated graphene has been studied extensively both in experiment and theory. It has been predicted that 5d transition metal atoms show unique properties with topological transport effects. The large spin orbit coupling of 5d transition metal atoms together with substantial magnetic moments leads to a quantum anomalous Hall effect [12] . A model study also has predicted the quantum anomalous Hall effect for transition metal decorated silicene nanoribbons [13] . Energy arguments indicate that transition metal atoms bond to silicene much stronger than to graphene. As a result, a layer by layer growth of transition metals could be possible on silicene [14] The deposition of isolated transition metal atoms on layers of hexagonal boron nitride on a Rh(111) substrate has been studied in Ref. [15] . The authors have demonstrated a reversible switching between two states with controlled pinning and unpinning of the hexagonal boron nitride from the metal substrate. In the first state the interaction of the hexagonal boron nitride is reduced, which leads to a highly symmetric ring in scanning tunneling microscopy images, while the second state is imaged as a conventional adatom and corresponds to normal interaction. Motivated by this work, we present in the following a first-principles study of the transition metal decoration of silicene on hexagonal boron nitride. We will first address the interaction with the substrate and then will deal with the electronic and magnetic properties of the Mn decorated system, All calculations have been carried out using density functional theory in the generalized gradient approximation. We employ the Quantum-ESPRESSO package [16] , taking into account the van-der-Waals interaction [17] . In general, the lattice mismatch of 2.8% between silicene and hexagonal boron nitride can be expected to be small enough to avoid experimental problems with a controlled growth.
Moreover, accurate measurements of materials properties can be difficult to achieve on metallic substrates, whereas the interaction is reduced on semiconducting substrates. Our calculated binding energy for the interface between silicene and hexagonal boron nitride is only 100 meV per Si atom, as compared to typically 500 meV per Si atom for an interface to a metallic substrate. Experimental realizations of graphene based electronic devices using hexagonal boron nitride as substrate on a Si wafer support are subject to various limitations, such as a poor on/off ratio [18] . However, on this substrate graphene exhibits the highest mobility [19] and a sizable band gap [20] [21] [22] . Since silicene resembles the structure of graphene, synthesis on hexagonal boron nitride thus has great potential.
The structural arrangement of the system under study is depicted in Fig. 1(b boron nitride sheets forming the interface turns out to be 3.57Å, which is similar to the distance at the contact between graphene and hexagonal boron nitride. In addition, the interlayer distance within the hexagonal boron nitride amounts to be 3.40Å, whereas in a bilayer configuration values of 3.30Å to 3.33Å have been reported [23, 24] .
The interaction between silicene and hexagonal boron nitride recently has been addressed by Liu and coworkers [25] , who have reported a perturbation of the Dirac cone with an energy gap of 4 meV. This study has taken into account only a single layer of hexagonal boron nitride as substrate, so that a more realistic description may yield a different result. Indeed, we observe a perturbed Dirac cone with an energy gap of 50 meV in the band structure shown in Fig. 1(a) . The π and π * bands forming the Dirac cone are due to the p z orbitals of the Si atoms, while the bands related to the B and N atoms are located about 0.5 eV above and 1 eV below the Fermi energy. We find a small but finite charge redistribution across the interface to the substrate; see the charge density difference isosurfaces plotted in Fig. 1(b) .
As a result the Dirac cone is perturbed and the 50 meV energy gap is realized, which can be interesting for nanoelectronic device applications, in particular because an external electric field can be used to tune the gap. The isosurface plot also demonstrates that the Si atom closest to a B atom is subject to the strongest charge transfer, while for all other Si atoms charge transfer effects are subordinate due to longer interatomic distances.
The possible decoration sites for a Mn atom on silicene can be classified as top, bridge, and hollow. Decoration at the bridge site is not considered in the following because the Mn atom immediately transfers to the top site. A side view of the relaxed structure for
Mn decoration at the top site is given in Fig. 2(a) , together with a spin density map. We obtain the onsite interaction parameter using a constraint-GGA method [26] , and calculate the values of 3. A. Finally, we note that the separation between the atomic layers of the hexagonal boron nitride is virtually not modified by the Mn decoration.
A side view of the relaxed structure for Mn decoration on the hollow site is shown in Fig. 2(b) . In this case, the Mn atom does not displace a specific Si atom but stays close to the center of the Si hexagon. It is bound equally to the neighboring Si atoms with bond lengths of 2.40Å to the upper three and 2.77Å to the lower three Si atoms. A buckling of 0.46Å to 0.62Å, Si−Si bond lengths of 2.23Å to 2.28Å, and angles to the normal of 112
• -117
• are obtained. The Mn atom is located 1.01Å above the silicene sheet and the separation between the atomic layers in the hexagonal boron nitride is slightly increased to 3.44Å. In contrast, the distance between silicene and substrate here amounts to 3.55Å
and thus is significantly larger than in the case of decoration at the top site, because in the latter case one Si atom is displaced from the silicene sheet, which modifies the distance to the substrate. The calculated total energies indicate that decoration at the hollow site is by 33 meV favorable as compared to decoration at the top site.
We find total magnetic moments of 4.56 µ B and 3. electrons. The magnetization reduction is notable on the hollow site, which can be seen from 
